Abstract-This paper presents the point-tracking strategy of master-slave robotic catheter intervention, which integrates with the distal/proximal and virtual force. First, the mapping between the motion space of master handle and the space of vascular model is built up. Second, the close-loop control based on the inverse kinematics is developed with the compensation of backlash. Third, proximal force, distal force and virtual force are provided to assist the surgeons to perform the procedure safely. Finally, the catheterization is performed in the vascular silicon model to verify the effectiveness.
INTRODUCTION
ardiovascular diseases have been the primary problem to threaten human health. Minimally invasive surgery (MIS) for the heart and vessels has become the main measure to deal with the cardiovascular diseases [1] [2] . During the procedure of MIS, the ablation catheter is used to help accomplish the ablation surgery. The ablation catheter is inserted through the puncture of the vessel, then the surgeons manipulate the catheter through the operations-push/pull, bend and rotation, in order to transmit the catheter along the vessels to the target point and perform the ablation.
For the traditional catheter intervention, the surgeons will suffer from the excessive exposure from the X-rays [3] . So currently, several master-slave robotic catheter systems, such as Sensei X Robotic system [4] , Magellan Robotic System [4] , Amigo Remote Catheter System [5] and CorPath Vascular Robotic System [6] are developed to make the surgeon seated away the operation room, who can use the master handle to control the robotic mechanisms to accomplish the surgery procedure.
However, there are some potential limitations for the current master-slave method. On one side, the surgeon can only control the proximal end of catheter through the master-slave method with several operations-push/pull, bend and rotation, Anzhu Gao, is with Shenyang Institute of Automation, University of Chinese Academy of Sciences, Shenyang, China (e-mail: gaoanzhu@hotmail.com, phone: +86-24-83601565).
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thereby positioning the distal end of catheter. So it is the surgeon who serves the primary role to make the decisions to control the distal end. It requires the enough proficiency and accumulated experience to surgeons, if not, it would cause puncture of vessels. On the other side, lack of force information in the master-slave intervention could be hard to guarantee the safety [3] .
To solve these problems, in this paper, we propose the point-tracking method of robotic catheter system, and then integrate with the multi force information to the system. This paper is based on the previous work in [8] [9] [10] [11] , which introduced the whole system with master handle, slave insertion mechanism, catheter integrated with two EM (Electro-Magnetic) sensors and 3D guiding image. In this paper, Section II introduces the point-tracking strategy, Section III illustrates the force information of proximal force, distal force and virtual force, Section IV demonstrates the effectiveness of experiments carried out in Vitro.
II. THE POINT-TRACKING STRATEGY
In this paper, we propose the point-tracking strategy between the master handle and catheter. The variable position of master handle is designated to be the target point, and then the distal tip of catheter will be controlled to follow it according to the inverse kinematic control method.
A. Mapping
To build up the mapping, the relationship between the motion space of master handle and vascular model should be calculated. First, 3D Falcon handle (Novint Technologies, Inc, USA) is adopted in our master-slave system [9] . The motion space of master handle is cubic with 120mm×120mm×120mm. Second, the vascular model (Shelley Medical Imaging Technologies, Canada) is used for experimental environment; similarly the cubic space is adopted to hold the whole model. Then, the transformation matrix relationship of two cubic spaces. Hence, the position of master handle H p in the handle coordinate is transferred into V p in the vascular model coordinate, which can serve as the target point followed by the distal tip of catheter, shown in (1).
B. Inverse Kinematic Control
After the mapping is built up, the inverse kinematic control is used to make the distal end of catheter to follow the target point provided by the master handle. In our previous work [8] , the Jacobian matrix has been calculated. So the control strategy based on the inverse kinematics is proposed, as shown in Fig. 2 .
Every loop of the control strategy includes several steps:
Step 1: H-V mapping
The H-V mapping is to map H p in the handle coordinate to T is the transformation matrix.
Step 2: S-V mapping The catheter in this paper is integrated with two EM sensors, which are embedded in the two ends of flexible segment to provide the position and pose in the sensor coordinate. Then, according to the registration matrix introduced in [6], we can transform the position into that in the vascular model using the V S T .
Step 3: Calculate the deviation According to the Step 1 and 2, the deviation V dp in the vascular model between the distal end and target point can be calculated. Then the deviation is transformed into d S p in the catheter coordinate, as shown in (2) . The catheter coordinate is a moving coordinate with the origin in the second sensor.
( )
Where
O and S2 O is the axial direction of two EM sensors.
Step 4: Transform to the joint space
In step 3, the deviation in the vascular model coordinate is obtained. Then it is transformed to d s q in the joint space of the catheter using the inverse Jacobian matrix, as shown in (3) .
, where is the pulling/pushing distance, is the rotation degree, is the bending degree. Then according to the transmission of insertion mechanics [3] , S dq can be transformed to M dq , which is the inputs of actuators.
Where, 1 L is the length of bending segment, 2 L is the length of distal rigid segment containing the electrodes and EM sensor, can be calculated as follow
Step 5: Backlash compensation In our previous research [9] , the backlash is found when the open-loop experiment about the relationship between the actuator and bending degree was carried out. So in order to achieve the close-loop control, the model of backlash corresponding to the bending degree should be made, as shown in (5) . Then based on the backlash compensation model, the pulses of actuator can be calculated according to (6).
Where, ( ) B k is the tolerance of current time step, ( 1) B k is the tolerance of former time step, b is half the maximum tolerance, ( ) u k are the pulses of actuator before compensation, ( ) u k is the pulse after compensation.
Step 6: Calculate the inputs of actuators According to step 1~5, the inputs of actuators can be calculated. Then one control loop is accomplished.
III. FORCE INFORMATION

A. Proximal Force
We have designed the insertion mechanism embedded with two force sensors, which can show the pulling/pushing force in the distal end. Details can be found in [4] . In this paper, the force can be displayed in the form of the progress bars in the interface of 3D guiding image.
B. Distal Force
In the distal end, the pressure-sensitive rubber is used to test the external force. When the external force is applied to its surface, the resistance is changed according to the force with the relationship [7] , as shown below.
Where, p R is the resistance of pressure-sensitive rubber; p F is the applied force to the rubber, A, M and N are the coefficients. Three rubbers (1.5mm×3mm×0.5mm) are adhered to the distal end with the uniform distribution. Through the calibration, the coefficients A, B and C are 2284.5, 1268.6 and 172.12, respectively. In this paper, we also display the rubber in the 3D guiding image, and the color is to illustrate the force magnitude in Fig.3 
C. Virtual Force
In our system, 3D guiding image is an important part to assist the surgeon. In the image, there are vascular model, the catheter's shape and the target point transformed from the master handle. In the procedure, the surgeon control the master handle to move the target point, in order to guide the catheter to the specific position. So the target point must be restricted in the vessel. Ideally, the centerline is the safest path for the catheter. So we propose the guiding circular rings to assist the surgeon to control the target point in the circle. When the target point lies in the circular ring, the virtual force is calculated and applied to the master handle to restrict it in the inner diameter of circular ring.
First, the centerline of vessels is obtained [3] . A series of circular rings are displayed with the center point in the centerline and the direction along the centerline in Fig.4 . 0.8 times of the maximum circle's diameter at each center point is set as the outer circular's diameter of the ring, and 0.6 times is set as the inner circular's diameter of the ring.
Fig.4 Display of Guiding rings
Then, the virtual force can be calculated according to the relationship between the target point and circular ring. When the target point lies in the inner circle, the applied force is zero; when between the inner circle and outer circle, the applied force is calculated as follow:
Where CN p is the position of point in the centreline, which is nearest to the handle position in the vascular model coordinate; Last, the virtual force is added to the master handle using the API function -hdlSetToolForce (haptics->m_forceServo). When the surgeon manipulates the master handle to the warning area, he will feel the feedback force from the handle to push his hand to approach the centerline. 
A. Close-loop Control Experiments
In order to verify the accuracy of the point-tracking strategy, a group of experiments are carried out based on the developed platform introduced in [10] .
In the experiments, the target points are designated along the centerline of aorta from the start point to the end point, so the distal end of catheter follows the target point according to the strategy proposed in Section II. The position of target point and distal end of catheter is recorded during the intervention. The tracking trajectory is illustrated in Fig. 7 . Errors are record in Fig. 8 .
The average tracking error and standard deviation are calculated. In Table 1 , results show that the average error in X/Y/Z is around 1mm, and distance error is 3.47mm. The errors are caused by several reasons:
(1) The position accuracy of 5DOF sensor is 0.7mm, so the two sensors have the calibration error which could affect the accuracy of positing the catheter.
(2) In step 4, the catheter model is based on the planar circular arc assumption, which is an approximate method to calculate the inverse Jacobian matrix.
(3) In step 5, the motions of mechanism are directly transmitted to the distal end of catheter with the assumption that the proximal sheath segment of the catheter is enough rigid, however, actually it is soft and flexible, also has the gravity, which will affect the transmission of motions.
(4) In this paper, the applied force from the contact with the vascular model is not considered, so when the catheter approaches to the arc segment of aorta, and has the contact with the aorta which provides the passive force, the control strategy could be affected a lot with the increment of contact force.
(5) The registration of sensor coordinate and vascular mode coordinate, the centerline extraction from 3D reconstruction based on CT slices both cause the error.
B. In Vitro Catheterization Experiments
Here, in the system, we integrate the inversed kinematics based control strategy, force information with the 3D guiding image. 3D guiding image have six regions: three are front view, side view and top view; the other two are virtual views, where the cameras are set in the front and back of catheter.
Experiments are carried out with the master slave method, the surgeon control the master handle to guide the catheter along the aorta to the specific point. Results show that the surgeons can guide the catheter to the specific point easily and safety. The procedure is shown in Fig.9 .
V. CONCLUSION
In this paper, a point-tracking method based on inverse kinematics is proposed. In the control strategy, EM sensors which are embedded into the distal end of catheter are used to provide the real-time position; also backlash is modeled to compensate the bending hysteresis. Proximal force, distal force and virtual force are provided to the surgeon to assist the intervention. Finally, in-vitro experiments are carried out to verify its effectiveness. In future, the control strategy should be integrated with the catheter's gravity and the applied force and moment, in order to improve the positioning accuracy largely.
